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Abstract: Dark matter particles, even if they are electrically neutral, could interact with
the Standard Model particles via their electromagnetic multipole moments. In this paper,
we focus on the electromagnetic properties of the complex vector dark matter candidate,
which can be described by means of seven form factors. We calculate the differential
scattering cross-section with nuclei due to the interactions of the dark matter and nuclear
multipole moments, and we derive upper limits on the former from the non-observation of
dark matter signals in direct detection experiments. We also present a model where the
dark matter particle is a gauge boson of a dark SU(2) symmetry, and which contains heavy
new fermions, charged both under the dark SU(2) symmetry and under the electromagnetic
U(1) symmetry. The new fermions induce at the one loop level electromagnetic multipole
moments, which could lead to detectable signals in direct detection experiments.
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1 Introduction
There is mounting evidence for the existence of dark matter in galaxies, clusters of galaxies
and the Universe at large scale (see e.g. [1–3]). All the current body of evidence for
dark matter arises from its gravitational interactions with ordinary matter. However, it is
generically expected from particle physics models that the dark matter particle could have
additional interactions with our visible sector apart from gravity.
A simple possibility is that the dark matter interacts electromagnetically. Obviously,
the dark matter must be dark. However, electromagnetic interactions are not precluded,
as long as they are sufficiently weak to be compatible with current cosmological and as-
trophysical observations, as well as with current direct, indirect and collider searches. In
fact, in many models the dark matter particle has electromagnetic interactions, provided
there exist “portal” particles, which interact both with the photon and with the dark matter
particle. A renown example is millicharged dark matter [4] (for an overview, see e.g. [5]).
In this case, the “portal” particle is a hidden-photon, which interacts with the dark matter
particle, as well as with the Standard Model photon (via kinetic mixing).
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Dark matter particles can also interact electromagnetically even if the electric charge
is exactly zero, via higher electromagnetic multipole moments [6–10]. For instance, a Dirac
fermion dark matter candidate acquires via loops a magnetic dipole moment, a charge
radius, and an anapole moment when it has a Yukawa coupling with an electromagnetically
charged scalar, which acts in this case as “portal” particle [11–17]. For Majorana fermion
dark matter, only the anapole moment can be generated, since it is the only multipole
that violates the charge-conjugation symmetry [18, 19]. The electromagnetic interactions,
despite the loop suppression, can lead to detectable detection rates in a direct detection
experiment, and can be crucial for assessing the detection prospects of some dark matter
frameworks, notably those where the dark matter interacts only with leptons or with heavy
quarks.
In this paper we focus on the complex vector as dark matter candidate (some explicit
models can be found e.g. in [20–30]). In these frameworks, the dark matter particle
interacts at tree level with the Standard Model through the exchange of heavy fermions
or heavy scalars (possibly mixing with the Standard Model Higgs). However, spin-1 dark
matter particles could also interact electromagnetically with the Standard Model through
their multipole moments. In this paper we will investigate in a model independent way the
electromagnetic properties of vector dark matter and their implications for direct detection
experiments.
The paper is organized as follows. In Section 2 we discuss the general form of the
electromagnetic interactions of a vector dark matter particle with a nucleus. In Section 3
we calculate the implications for direct detection experiments of the vector electromagnetic
multipole moments, and we derive upper limits on the various form factors from exper-
iments. In Section 4 we present a concrete model of vector dark matter with non-zero
electromagnetic interactions. Finally, in Section 5 we present our conclusions.
2 Electromagnetic interactions of vector dark matter with nuclei
We consider a massive complex vector field V µ with mass mV as dark matter candidate.
The effective interaction Lagrangian of an on-shell vector field V µ with the electromagnetic
vector field Aµ was systematically analyzed in [31] (for earlier works, see [32, 33]). Keeping
terms up to dimension six it reads:
L/e = ig
A
1
2m2V
[
(V †µνV
µ − V †µVµν)∂λF λν − V †µV νFµν
]
+
gA4
m2V
V †µVν(∂
µ∂ρF
ρν + ∂ν∂ρF
ρµ)
+
gA5
m2V
µνρσ(V †µ
←→
∂ρVν)∂
λFλσ
+ iκAV
†
µVνF
µν +
iλA
m2V
V †λµV
µ
ν F
νλ
+ iκ˜AV
†
µVνF˜
µν +
iλ˜A
m2V
V †λµV
µ
νF˜
νλ, (2.1)
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Figure 1. Feynman diagram for the scattering of a vector dark matter particle V off a target
nucleus due to their electromagnetic multipoles. The gray and black blobs represent respectively
the effective V V †γ vertex and the effective electromagnetic interaction vertex of the target nucleus.
where Vµν = ∂µVν − ∂νVµ, Fµν = ∂µAν − ∂νAµ, F˜µν = 12µνρσF ρσ, and (V †µ
←→
∂ρVν) =
V †µ (∂ρVν) − (∂ρV †µ )Vν . Further, e > 0 is the positron charge and µνρσ is the totally anti-
symmetric tensor, defined such that 0123 = −0123 = 1. Here, we impose the U(1)EM gauge
invariance and that V µ is electrically neutral. For a real vector field Vµ = V
†
µ , therefore the
Lagrangian Eq. (2.1) only contains the terms proportional to gA4 and gA5 . For details, see
Appendix A.
The electromagnetic field generated by the vector dark matter particle interacts with
the charge and the magnetic moment of the nucleus (see Figure 1). We obtain that the
differential scattering cross section of the vector dark matter V with a target nucleus with
mass mT , atomic number Z and mass number A is:
dσ
dER
=
Z2e2
6pimT
F 2Z(ER)
[(
mT
ER
+
m2T − 4mVmT − 2m2V
4m2V v
2
)
(µV )
2 +
mT
ERv2
(dV )
2
+
3m2T
16v2
(QV )
2 +
m2T
8
(Q˜V )
2 +
3e2m2T
4m4V v
2
(gA1 )
2 +
2e2m2T
m4V
(gA5 )
2
+
m2T
4mV v2
µVQV +
3em2T
2m3V v
2
µV g
A
1 +
em2T
4m2V v
2
QV g
A
1 +
m2T
2mV v2
dV Q˜V
]
+
e2
12pimT
F 2D(ER)
(
µ¯T
µN
)2 [ 2
v2
(µV )
2 + (dV )
2
]
, (2.2)
where ER is the recoil energy (related to the momentum transfer through p2 = 2mTER)
and v is the dark matter speed relative to the nucleus. In this expression, we have neglected
terms O(v2) and O(ER/mT ) (with mT the dark matter-nucleus reduced mass) as they only
give subdominant contributions to the total rate in direct detection experiments. 1 For
convenience, and following [31], we have defined
µV =
e
2mV
(κA + λA) , (2.3)
1Such terms arise, for example, from the coupling of the nuclear quadrupole moment (and higher mul-
tipoles) to the term proportional to gA4 in the Lagrangian Eq. (2.1).
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QV = − e
m2V
(κA − λA) , (2.4)
dV =
e
2mV
(κ˜A + λ˜A) , (2.5)
Q˜V = − e
m2V
(κ˜A − λ˜A) , (2.6)
with µV , QV , dV and Q˜V corresponding to the magnetic dipole, electric quadrupole, electric
dipole and magnetic quadrupole for V , respectively. gA1 and gA5 are related to the electric
charge radius and to the anapole moment of V , respectively. Some of the form factors
can interfere with each other, as a result of their identical transformations under parity,
charge conjugation and time reversal. These are summarized in Table 1. Clearly, in a
theory preserving one of those discrete symmetries, the odd form factors identically vanish.
Further, FZ and FD are the nuclear charge and magnetic dipole moment form factors [34,
35]:
F 2Z(p
2) =
(
3j1(pR)
pR
)2
e−p
2s2 , (2.7)
F 2D(p
2) =

[
sin(pRD)
pRD
]2
(pRD < 2.55, pRD > 4.5)
0.047 (2.55 ≤ pRD ≤ 4.5)
. (2.8)
where j1(x) is a spherical Bessel function of the first kind, R =
√
c2 + 73pi
2a2 − 5s2 (with
c = (1.23A1/3 − 0.60) fm, a = 0.52 fm and s = 0.9 fm) and RD ' 1.0A1/3 fm. Further,
µN = e/2mp denotes the nuclear magneton, and µ¯T is the weighted dipole moment for the
target nuclei, defined as:
µ¯T =
(∑
i
fiµ
2
i
Si + 1
Si
)1/2
, (2.9)
where fi, µi, and Si are the elemental abundance, nuclear magnetic moment, and spin,
respectively, of the isotope i [36].
We note that the terms proportional to µV , dV are enhanced by a factor 1/ER, and
the terms proportional to µV , dV , QV , gA1 by a factor 1/v2. The term proportional to dV is
doubly enhanced by 1/(ERv2). These enhancements have important implications for direct
detection experiments, as we will discuss in the next section.
3 Direct detection of vector dark matter through electromagnetic inter-
actions
We assume that the dark matter in our Galaxy is in the form of N vectors, V i, i = 1...N ,
with mass mV i and number density in the Solar System ni, such that
ρloc =
N∑
i
nimV i . (3.1)
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Table 1. C, P, and CP properties of the various vector dark matter electromagnetic multipole
moments.
Form factors in Eq. (2.2) C P CP
µV , QV , g
A
1 + + +
dV , Q˜V + − −
gA5 − − +
We will keep the discussion general and we will not specify how many of these components
are real and how many are complex, or whether the complex components are symmetric or
asymmetric. In our numerical analysis we will adopt ρloc = 0.3 GeV cm−3.
The differential event rate at a direct detection experiment reads:
dR
dER
=
1
mT
∫
d3v vfLab(~v)
N∑
i=1
ni
dσi
dER
, (3.2)
where dσi/dER is the dark matter-nucleus differential cross section, discussed in Section 2,
and fLab(~v) denotes the DM velocity distribution in the laboratory frame. For the latter,
we will adopt a Maxwell-Boltzmann distribution in the galactic frame, truncated at the
escape velocity from the Galaxy, vesc:
fLab(~v) = f(~v + ~vE) , (3.3)
with ~vE the velocity of the Earth in the galactic frame and
f(~v) =
{
1
N e
−v2/v20 (|~v| < vesc)
0 (|~v| > vesc)
, (3.4)
with
N = pi3/2v30
[
erf
(
vesc
v0
)
− 2vesc√
piv0
e
− v
2
esc
v20
]
. (3.5)
Hereafter we take vesc = 544 km s−1, v0 = 220 km s−1 and vE = 232 km s−1. Finally, we
calculate the number of events at a given direct detection experiment integrating dR/dER
over the recoil energy, taking into account the corresponding detection efficiency.
We show in Figure 2 the 90% C.L. upper limits on the various vector dark matter
electromagnetic multipole moments from the non-observation of a dark matter signal at
the XENON1T [37], SuperCDMS [38], PICO-60 [39] and CRESST-III [40] experiments,
alongside with the expected sensitivity of the XENONnT experiment [41]. Details of the
calculation are given in Appendix B. For the plots we have assumed that the dark matter
is constituted by one complex vector (V and V †), that interacts with the nucleus via one of
the form factors in Eq. (2.2) only. For the real vector, only the form factors gA4 and gA5 are
non-vanishing. We find that XENON1T sets the most stringent limits for mV & 10 GeV,
– 5 –
while CRESST-III for mV ∼ 2− 10 GeV. We also find that the scattering rate is for most
experiments dominated by the dark matter interaction with the nuclear charge, as a result
of the enhancement by Z2; the dark matter interaction with the nuclear magnetic dipole
moment only plays a role for the PICO experiment.
Let us note that other search strategies could set more stringent limits on the form
factors, notably collider search experiments, and could cover the low mass region untested
by direct detection experiments. A detailed analysis will be presented elsewhere [42].
4 A model of vector dark matter with electromagnetic interactions
We extend the Standard Model (SM) gauge group with a non-abelian SU(2)D gauge sym-
metry and a U(1)X global symmetry. We assume that the symmetry is spontaneously
broken by the vacuum expectation value of a spin-0 field ΦD, doublet under SU(2)D and
with charge 1/2 under U(1)X . The vacuum possesses a remnant global U(1)D symmetry,
corresponding to the generator T 3D + X, with T
3
D and X being respectively generators of
the SU(2)D and the U(1)X symmetries. This remnant symmetry ensures the stability of
the lightest among all particles charged under the U(1)D symmetry. 2 In this case, these
are the three massive WD bosons, which are absolutely stable.
In this simple model theWD bosons only interact with the Standard Model through the
Higgs portal interaction (H†H)(Φ†DΦD). To couple the WD bosons to the electromagnetic
field, we augment the model with extra fermions, Ψl and Ψe, charged under U(1)Y and
under the dark sector symmetries SU(2)D and U(1)X . The particle content of the model
and the charges under the different symmetry groups are summarized in Table 2. 3
The Lagrangian of the model reads:
L = LSM + Lkin + Lmass − V , (4.1)
where
Lkin = Ψ¯liγµ
(
∂µ + igD
3∑
a=1
W aDµT
a
)
Ψl + Ψ¯eiγ
µ∂µΨe , (4.2)
−Lmass = mΨlΨ¯lPLΨl +mΨeΨ¯ePLΨe + Ψ¯lΦD (λLPL + λRPR) Ψe + h.c. , (4.3)
V = µ2D(Φ
†
DΦD) +
λD
4
(Φ†DΦD)
2 +
λDH
4
(Φ†DΦD)(H
†H) , (4.4)
where T a = τa/2, with τa (a = 1, 2, 3) being the SU(2)D Pauli matrices, and PL,R =
(1 ∓ γ5)/2 are the projection operators. Here gD is real, while mΨl , mΨe , λL, and λR are
in general complex quantities. We denote the components of the SU(2)D doublets as
Ψl =
(
ΨN
ΨE
)
, ΦD =
(
ϕ1 + iϕ2
ϕ3 + iϕ4
)
. (4.5)
2The U(1)D symmetry is analogous to the electromagnetic U(1) symmetry, which arises after the spon-
taneous breaking of the SU(2)L × U(1)Y symmetry by the Higgs field, doublet under SU(2)L and with
hypercharge 1/2. The only difference is that we assume the U(1)X symmetry to be global instead of local,
as the U(1)Y symmetry.
3A similar setup was discussed in Ref. [28] in the context of multicomponent dark matter scenarios.
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Figure 2. Current upper limits in the various vector dark matter electromagnetic multipole
moments from the XENON1T, SuperCDMS, PICO-60 and CRESST-III data. We also show the
projected sensitivity of the XENONnT experiment.
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For µ2D < 0, the SU(2)D symmetry breaks spontaneously. We work in the gauge where
〈ϕ3〉 = vD/
√
2, 〈ϕ1,2,4〉 = 0. Then, theWD bosons acquire a common massmWD = gDvD/2
and the fermion mass terms become:
−Lmass = mΨl(Ψ¯N )R(ΨN )L +
(
(Ψ¯E)R (Ψ¯e)R
)
ME
(
(ΨE)L
(Ψe)L
)
+ h.c. , (4.6)
where we have defined left- and right-handed fields in the usual manner, (Ψ)L,R = PL,RΨ,
and
ME =
(
mΨl
λL√
2
vD
λR√
2
vD mΨe
)
. (4.7)
The mass matrixME can be diagonalized by the field transformation:(
(Ψ1E)L
(Ψ2E)L
)
= V †L
(
(ΨE)L
(Ψe)L
)
,
(
(Ψ1E)R
(Ψ2E)R
)
= V †R
(
(ΨE)R
(Ψe)R
)
, (4.8)
where VL,R are unitary matrices satisfying
V †RMEVL = diag(mE1 ,mE2) , (4.9)
with mE1,2 being positive and real, and ordered such that mE1 ≤ mE2 . The Dirac mass
term for ΨN is taken to be real and non-negative via an appropriate phase rotation. Finally,
one finds the following interaction Lagrangian of the mass eigenstate fields with the photon
and the SU(2)D gauge vectors:
Lint =− gD√
2
(
Ψ¯iE [(VL)1iPL + (VR)1iPR] γ
µΨNW
−
Dµ + h.c.
)
− eΨNγµΨNAµ − eΨ¯iEγµΨiEAµ .
(4.10)
Generalizations to a larger number of fields are straightforward.
The quantum numbers for the physical particles in this setup are summarized in table
2. The states W±D = (W
1
D ∓ iW 2D)/
√
2, Ψ1E and Ψ
2
E transform non-trivially under the
remnant U(1)D and the lightest among them will be absolutely stable. In this work we
will assume mE1 ,mE2 > mWD , such that W
±
D are dark matter candidates. Notice that
W 0D does not carry a U(1)D charge and can decay. Concretely, the Lagrangian Eq. (4.10)
induces a kinetic mixing term between W 0D and A
µ of the form
L ⊃ − 
2
W 0DµνF
µν , (4.11)
with  given by:
 =
egD
12pi2
[
log
m2N
m2
E2
− 1
2
(
|(VR)11|2 + |(VL)11|2
)
log
m2E1
m2
E2
]
, (4.12)
Redefining the vector fields in the usual manner to bring the kinetic terms into their canon-
ical form, one finds the coupling in the Lagrangian ∼ eJµemW 0D, that induces the decay of
W 0D into Standard Model fermions.
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Table 2. Particle content and charge assignments for the model present in Section 4.
Gauge eigenstates Spin SU(2)D U(1)X SU(3)C SU(2)L U(1)Y
WD 1 3 0 1 1 0
ΦD 0 2 1/2 1 1 0
Ψl 1/2 2 −1/2 1 1 -1
Ψe 1/2 1 −1 1 1 -1
Mass eigenstates Spin U(1)D SU(3)C U(1)EM
W±D =
1√
2
(W 1D ± iW 2D) 1 ±1 1 0
W 0D = W
3
D 1 0 1 0
hD 0 0 1 0
ΨN 1/2 0 1 −1
Ψ1E 1/2 −1 1 −1
Ψ2E 1/2 −1 1 −1
Due to the assignments of gauge charges of the fields Ψl and Ψe, one generically expects
these particles to be in thermal equilibrium with the plasma of Standard Model particles.
Accordingly, the complex vector dark matter candidates W±D are also expected to be in
thermal equilibrium with the SM. Therefore, for appropriate model parameters W±D could
account for the whole dark matter of the Universe via the mechanism of thermal freeze-out.
The dark matter candidatesW±D in our galaxy interact with the Standard Model parti-
cles at tree level via the Higgs portal, or at the one loop-level via the electroweak interactions
of the fermions Ψl and Ψe. Direct detection of vector dark matter through the Higgs portal
interactions was discussed e.g. in [24]. Here we assume that the Higgs portal interactions
are negligibly small, and we focus on the implications for direct detection experiments of
the electroweak interactions induced at the quantum level by the fermions Ψ1,2E . In what
follows we will consider only the electromagnetic interactions, discussed in section 3, since
dark matter interactions with nuclei induced by weak multipoles are expected to be sub-
dominant.
The electromagnetic multipole moments can be readily computed from the diagrams
in Fig. 3 and read:
µV = − eg
2
D
64pi2mW±D
2∑
i=1
( 1
r2N
− 1
r2
Ei
)[(
|(VL)1i|2 + |(VR)1i|2
)
G(1)µ (rN , rEi)
+ 2Re
(
(VL)
∗
1i(VR)1i
)
G(2)µ (rN , rEi)
]
, (4.13)
QV = − eg
2
D
64pi2m2
W±D
2∑
i=1
( 1
r2N
− 1
r2
Ei
)[(
|(VL)1i|2 + |(VR)1i|2
)
G(1)Q (rN , rEi)
+ 2Re
(
(VL)
∗
1i(VR)1i
)
G(2)Q (rN , rEi)
]
, (4.14)
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Figure 3. One-loop diagrams generating the effective V †V γ vertex in the model described in
Section 4.
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gA5 =
g2D
128pi2
2∑
i=1
(
|(VL)1i|2 − |(VR)1i|2
)
G5(rN , rEi) , (4.18)
where rN = mN/mW±D and rEi = mEi/mW±D . The expressions for the G-functions can be
found in Appendix C.
Some remarks are in order: i) The vertex diagram induces all form factors, while the
wave function renormalization diagram only induces the form factor f1(p2) = gV p2/(p2 −
m2W±), proportional to the kinetic mixing parameter  given in Eq. (4.12). This form
factor arises from the triple gauge interaction, e.g. the term ∂µW+DνW
−µ
D W
0ν
D , and from
the canonical normalization of the fields W 0D and A, leading to a coupling proportional to
gA1 in Eq. (2.1). ii) if P is conserved (such that VL = VR) then dV , Q˜V , gA5 = 0, and if CP
is conserved (such that all couplings are real) then dV , Q˜V = 0. This is consistent with
the C, P and CP transformation properties of the different form factors listed in Table 1.
iii) The C and P conserving electromagnetic multipoles (µV , dV , and gA1 ) vanish when the
masses of the particles in the loop are degenerate, mN = mEi . This fact was emphasized by
Ref. [43]. iv) For fixed rN , rEi , the dipole moments (µV , dV ) scale as m
−1
W±D
, the quadrupole
moments (QV , Q˜V ) as m−2W±D
and gA1 and gA5 are independent of mW±D .
We show in Figure 4 a scan plot with the predicted values of the form factors as a
function of the dark matter mass mWD , taking for concreteness gD = 1, and the remaining
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Figure 4. Scan plot of the expected electromagnetic multipole moments for the model described
in section 4 (for details see Eq. (4.19)), confronted to the upper limits from current direct detection
experiments as well as the projected sensitivity from XENONnT.
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Figure 5. Differential event rate for a xenon target at recoil energy ER = 10 keV as a function
of the dark matter mass, assuming mΨl = 2mΨe = 10mWD gD = 1, λR = −1 and λL = 1.5 (CP
conserving point, left panel) or λL = 1.5ei
pi
3 (CP violating point, right panel).
parameters in the ranges:
mΨe
mWD
= [1, 10] ,
mΨl
mWD
= [1, 10] ,
|λL,R| = [0, 2] ,
Arg[λL,R] = [0, 2pi] . (4.19)
We also show in the Figure the upper limits on the form factors from various experiments
from Figure 2 (determined assuming that only one form factor contributes to the scatter-
ing). Notably, there are portions of the parameter space which can be probed by current
experiments, even in the absence of Higgs portal interactions, due especially to the inter-
actions induced by the CP violating moment dV and by the CP conserving moments µV ,
QV and gA1 . This is a consequence of the enhancement of the scattering rate induced by
these electromagnetic multipoles at low relative velocities, cf. Eq. (2.2), especially by the
electric dipole moment, which is doubly enhanced by 1/ER and by 1/v2.
To investigate the relative effect of the different multipoles in the differential event rate,
we show in Figure 5 the contributions of the different terms in Eq. (2.2) for a xenon target
at recoil energy ER = 10 keV, for some exemplary parameters conserving CP (left panel) or
violating CP (right panel). Concretely, we take mΨl/mWD = 10, mΨe/mWD = 5, gD = 1,
λR = −1, as well as λL = 1.5 for the CP conserving case and λL = 1.5eipi3 for the CP
violating case. For the CP violating case, the dV contribution dominates over the whole
range of masses analyzed; for the CP conserving case, the µV contribution dominates for
mWD & 100GeV, while gA1 dominates for smaller masses; this is due to the contribution to
the interaction vertex from the kinetic mixing.
Finally, in Figure 6 we investigate the impact of direct detection experiments in probing
the parameter space of the model. As before, we fix for concreteness mΨl = 2mΨe , gD = 1,
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Figure 6. Impact of direct detection experiments for the model described in Section 4 assuming
mΨl = 2mΨe , gD = 1, λR = −1, as well as λL = 1.5 for the CP conserving case (left panel) and
λL = 1.5e
ipi3 for the CP violating case (right panel). The black lines represent isocontours of the
magnetic dipole moment (left panel) and the electric dipole moment (right panel), while the blue
lines represent isocontours of min{mN ,mE1}. The green and red regions correspond to the 90 %
exclusion limits from the XENON1T and CRESST-III experiments, respectively; the green line
corresponds to the future prospect by XENONnT experiment.
λR = −1, as well as λL = 1.5 for the CP conserving case (left panel) and λL = 1.5eipi3
for the CP violating case (right panel), and we show as black lines the isocontours of the
magnetic dipole moment (|µV /µN |, left panel) and the electric dipole moment (|dV /e| [fm],
right panel). The blue dashed lines are contours of the smallest mass betweenmN andmE1 .
On the other hand, the green and red regions correspond to the 90 % exclusion limits from
the XENON1T and CRESST-III experiments, respectively; the green line corresponds to
the future prospect by XENONnT experiment. As shown in the Figure, current experiments
probe a significant part of the parameter space, especially for the CP violating case, where
fermions as heavy as 100 TeV in the loop can induce electric dipole moments at the reach
of current experiments. As mentioned in Section 2 this is due to the double enhancement
of the scattering rate mediated by the electric dipole moment by 1/ER and by 1/v2.
5 Summary
We have presented a comprehensive study of electromagnetic multipole moments of the
complex vector dark matter candidate, and we have studied their implications for direct
detection experiments. We have parametrized the electromagnetic interactions of the vec-
tor dark matter by means of seven form factors and we have calculated the differential
scattering cross-section of the vector dark matter with the nucleus via the interactions of
their multipole moments.
We have set upper limits on the vector dark matter electromagnetic multipole moments
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from the non-observation of an excess of nuclear recoils in direct detection experiments. For
dark matter masses above ∼ 10 GeV the strongest constraints are set by the XENON1T
experiment, and below that mass by the CRESST-III experiment. The strongest limits arise
for a dark matter mass ' 30 GeV and read |µV /µN | < 2 × 10−6, |QV /e| < 3 × 10−9 fm2,
|dV /e| < 2× 10−10 fm, |Q˜V /e| < 3× 10−6 fm2, gA1 < 3× 10−5 and gA5 < 8× 10−3.
Lastly, we have constructed a concrete model of vector DM where the interactions with
the Standard Model are dominated by the electromagnetic multipole moments. The model
is based on three ingredients: i) a “dark” non-Abelian gauge symmetry, which is sponta-
neously broken, ii) a new U(1) global symmetry, and iii) new matter particles, charged
both under the electromagnetic U(1) symmetry and the “dark” non-Abelian symmetry. We
find that after the spontaneous breaking of the “dark” non-Abelian symmetry, there is a
remnant symmetry that stabilizes the vector dark matter against decay. Also, the new
matter particles generate via quantum effects the electromagnetic multipole moments for
the vector dark matter. We have found that, despite the loop suppression of the multi-
pole moments, the vector dark matter could be detected in current experiments through
their electromagnetic interactions with the nuclei, even when the fermion mass lie in the
multi-TeV range.
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A Effective interactions of an on-shell complex vector field with the elec-
tromagnetic field
.
In this appendix we review the general structure of the V V †γ vertex derived in [31],
where V is a complex vector field, and we present the effective interaction Lagrangian of an
on-shell vector field V µ with the electromagnetic field Aµ, keeping terms up to dimension
six. The general interaction vertex reads:
Γαβµ
V V †γ(q, q¯, p)/e = f
A
1 (p
2)Qµgαβ − f
A
2 (p
2)
m2V
Qµpαpβ + fA3 (p
2)(pαgµβ − pβgµα)
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+ ifA4 (p
2)(pαgµβ + pβgµα) + ifA5 (p
2)µαβρQρ
− fA6 (p2)µαβρpρ −
fA7 (p
2)
m2V
QµαβρσpρQσ , (A.1)
where qµ, q¯µ and pµ are, respectively, the 4-momenta of the fields V , V † and A, and
Qµ = qµ − q¯µ. Here, we have imposed the conditions
∂µVµ = 0, ∂
µAµ = 0.
The first condition is justified for on-shell Vµ, since it is derived from the equation of
motion, which for (free) Vµ is reads ( + m2V )Vν = ∂ν(∂µVµ). The second condition is
justified because the scalar component does not contribute to the scattering amplitude.
The form factors are regular at p2 = 0. Let us note that fA4,5(0) = 0 due to the U(1)EM
gauge invariance. Further, fA1 (0) corresponds to the electromagnetic charge of V , and it is
zero in our case. fAi (p
2) (i = 1, 2, · · · , 7) are expanded around p2 ' 0 as
fA1 (p
2) =
p2
2m2V
(gA1 + λA) +O(p4),
fA2 (p
2) = λA +O(p2),
fA3 (p
2) = κA + λA +O(p2),
fA4 (p
2) =
p2
m2V
gA4 +O(p4),
fA5 (p
2) =
p2
m2V
gA5 +O(p4),
fA6 (p
2) = κ˜A − λ˜A +O(p2),
fA7 (p
2) = − λ˜A
2
+O(p2). (A.2)
The coefficients gA1 , gA4 , gA5 , λA, κ˜A, λ˜A, and κA parametrize the strength of the effec-
tive interactions of an on-shell vector V µ with the electromagnetic field Aµ, as defined in
Eq. (2.1).
B Direct detection event rate
We summarize in this Appendix how we calculated the expected number of signal events
in the experiments employed in our analysis.
B.1 XENON1T/nT
The XENON collaboration uses a liquid xenon detector with a dual-phase time projection
chamber (TPC). The signal from nucleon recoils can be efficiently discriminated from the
background signals from the ratio between the primary (S1) and secondary (S2) scintil-
lation light signals. The scintillation light is converted into photoelectrons (PE) by the
photomultiplier tubes (PMT).
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The signal rate in number of photoelectrons n can be calculated from [44];
dR
dn
=
∫ EminR
EmaxR
dER (ER)Poiss(n|ν(ER)) dR
dER
, (B.1)
where dR/dER denotes the differential event rate for the dark matter scattering off a 131Xe
nucleus, while EminR = 4.9 keV and E
max
R = 40.9 keV. Further, (ER) is the detection
efficiency, which we take from Fig. 1 of Ref. [37]. Finally, ν(ER) is the expected number
of PEs for a given recoil energy ER, which we obtain from the S1 yield given in the lower
left panel of Fig. 13 of Ref. [41]. In our analysis, we focus on the central detector region
with a mass of 0.65 t and consider only events between the median of the nuclear recoil
band and the lower 2σ quantile. This approach reduces the background level, as argued in
Refs. [45, 46]. We therefore multiply the detection efficiency by an additional factor 0.475
to take into account our reference region. Next, we determine the differential event rate as
the function of the primary scintillation light yield. The differential event rate reads:
dR
dS1
=
∞∑
n=1
Gauss(S1|n,
√
nσPMT)
dR
dn
. (B.2)
Here, σPMT is the average single-PE resolution of the photomultipliers, for which we con-
servatively take σPMT = 0.4 [47, 48]. Finally the expected number of events in the energy
bin [Smin1 , Smax1 ] is obtained from
Nth[S
min
1 , S
max
1 ] = wexp
∫ Smax1
Smin1
dR
dS1
. (B.3)
where wexp is the exposure of the experiment.
Following Refs. [45, 46], we divide the signal region into two parts, which correspond
to S1 ∈ [3, 35]PE and S2 ∈ [35, 70]PE, respectively. For each energy bin, we calculate the
Test Statistic (TS) function, defined as (see e.g. [49]):
TS = −2 ln
[L(Nth)
Lbkg
]
, (B.4)
with
L(Nth) = 1
Nobs!
(Nth +Nbkg)
Nobs exp
{−(Nth +Nbkg)} , (B.5)
and Lbkg ≡ L(0). Nobs and Nbkg are the numbers of the observed and background events,
respectively.
The XENON1T collaboration has reported in [37] the latest results of their search,
using an exposure wexp = 278.8 days × 1.30(1) ton. Following Refs. [45, 46], we adopt
(Nobs, Nbkg) = (0, 0.46) for the first energy bin and (Nobs, Nbkg) = (2, 0.34) for the second
energy bin. Finally, we derive the 90% CL upper limit on the number of signal events by
requiring TS > 2.71 in each energy bin.
To estimate the future prospect of XENONnT with an exposure wexp = 20 t · yrs [41],
we follow Ref. [50] and we apply the maximum gap method [51] under the assumption
of zero observed events. Namely, we require 1 − exp(−Nth) ≥ 0.9, which corresponds to
Nth . 2.3.
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B.2 SuperCDMS
The SuperCDMS detector consists of 15 Ge target crystals, each instrumented with ion-
ization and phonon detectors. The measured ionization and phonon energies are used to
derive the recoil energy and the ionization yield. The information from the ionization yield
can be used to distinguish signal from background.
Following Ref. [49], we estimate the DM event rate as
Nth = wexp
∫ Emax
Emin
dER , (ER)
dR
dER
, (B.6)
where dR/dER denotes the differential scattering rate of dark matter particles off a 73Ge
nucleus, Emin = 1.6 keV, Emax = 10 keV, wexp is the exposure, and (ER) is the efficiency,
which we take from Fig. 1 of [38].
The SuperCDMs collaboration presented in [38] the results of their first search, based on
an exposure wexp = 577 kg ·days, reporting Nobs = 11. On the other hand, the backgrounds
in their experiment are not fuly understood, therefore we conservatively take Nbkg = 0 in
the derivation of the upper limit of signal events. The 90% C.L. limit corresponds to
Nth < 16.6 [52].
B.3 CRESST-III
The CRESST-III experiment employs a CaWO4 crystal target as cryogenic calorimeters.
The discrimination of the dark matter signal from the background is performed by measur-
ing simultaneously the phonon/heat and the scintillation light signals. The design aims to
achieve a low threshold for the recoil energy, smaller than 100 eV.
The expected event rate in the energy bin [Emin, Emax], can be calculated from
Nth = wexp
∫ Emax
Emin
∑
i={Ca,O,W}
fii(ER)
dRi
dER
. (B.7)
Here dRi/dER denotes the differential cross section for the DM scattering off the nucleus
i=Ca, O, W, and wexp is the exposure. Further, i(ER) is the detector efficiency for the
nucleus i, which we read from the data implemented in DDCalc-2.0.0 [53, 54]. Finally, fi
denotes the mass fraction for element i: fCa = 0.1392, fO = 0.22228, and fW = 0.63852,
respectively.
In the first run (from 05/2016− 02/2018), five detectors reached/exceeded the design
goal [55]. Among the five detectors, the detector called “detector A” achieved the lowest
energy threshold ' 30 eV [39]. The results from the detector A give the largest sensitivity
to low mass dark matter candidates. The total exposure was wexp = 5.689 kg× days [56].
To derive the 90%C.L. limit, we consider 10 energy bins of uniform size in log-scale
between 30 eV and 1 keV, and simply assume that the number of signal events follows a
Poisson distribution with Nobs = {355, 219, 103, 57, 21, 7, 9, 11, 18, 74}. To determine the
90 % C.L. limit on the event rate we require that the Poisson likelihoods L(Nth) satisfy
χ(Nth) = −2 lnL(Nth) + 2 lnL(Nobs) < 2.71 (B.8)
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in each of the bins, where the Poisson likelihood is calculated from
−2 lnL(Nth) = 2Nth −Nobs +Nobs ln Nobs
Nth
. (B.9)
B.4 PICO-60
The PICO-60 collaboration employs a C3F8 superheated liquid detector. The expected
event number can be calculated from
Nth = wexp
∑
i={C,F}
∫ ∞
0
dERfiPi(ER) dRi
dER
, (B.10)
Here dRi/dER denotes the differential cross section for the DM scattering off the nucleus
i=C, F, and wexp is the exposure. Further, P(ER) is the bubble nucleon efficiency for given
a recoil energy ER. We read the efficiency for F and C from Figure 3 of Ref. [40]. Finally,
fi denotes the mass fraction for element i: fC = 0.19164 and fF = 0.80836, respectively.
The results of the dark matter search were reported in Ref. [40] for an exposure wexp =
48.9 kg×52.6 days. The collaboration reported the observation of 3 candidate events (based
on the single bubble selection) while the number of background events is determined to be
1.0 ± 0.4. We estimate the 90% C.L. bound on Nth by inserting Nobs = 3 and Nbkg = 1
into Eq. (B.4) and by requiring that TS > 2.71. We obtain Nth . 7.92. as 90% C.L. bound
on the event rate.
C Analytic expressions for the electromagnetic form factors
The loop function G are given by:4
G(1)µ (x, y) = −2− 2λ
(
(x2 − y2)2 − (x2 + y2)
)
+ (x2 − y2) log
(
x2
y2
)
, (C.1)
G(2)µ (x, y) = 4xyλ(x, y)−
2xy
x2 − y2 log
(
x2
y2
)
, (C.2)
G(1)Q (x, y) = −
4
3
(
λ(x, y)
(
x4 − x2(2y2 + 3) + y4 − 3y2 + 2
)
+ 1
)
+
2
(
x4 − 2x2(y2 + 1) + y2(y2 − 2)
)
3(x2 − y2) log
(
x2
y2
)
, (C.3)
G(2)Q (x, y) = −8xyλ(x, y) +
4xy
x2 − y2 log
(
x2
y2
)
(C.4)
G(1)1 (x, y) =
4
3
λ(x, y)
κ(x, y)
(
3 + 4(x2 − y2)4 + (x2 − y2)2(8− 13(x2 + y2))− 11(x2 + y2) + 9(x2 + y2)2
)
+
4
3
(
4(x2 − y2)2 − 7(x2 + y2) + 3
)
κ(x, y)
− 2
3
(4(x2 − y2)2 − (x2 + y2) + 2
x2 − y2
)
log
(x2
y2
)
,
(C.5)
4 We used Package-X [57] to evaluate the one-loop diagrams.
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G(2)1 (x, y) = −
8
3
xy
κ(x, y)
− 8
3
λ(x, y)
κ(x, y)
xy
(
(x2 − y2)2 − 3(x2 + y2) + 2
)
+
4
3
( xy
x2 − y2
)
log
(
x2
y2
)
, (C.6)
G(1)d (x, y) = 8x y λ(x, y) , (C.7)
GQ˜(x, y) = −16x y λ(x, y) , (C.8)
G5(x, y) = λ(x, y)
(
−4x4 + x2 (8y2 + 4)− 4y4 + 4y2 − 8
3
)
− 2 (x2 − y2) log(y2
x2
)
− 4 ,
(C.9)
where λ and κ are defined as
κ(x, y) = (1− x2 − y2)2 − 4x2y2 , (C.10)
λ(x, y) =
1
κ1/2(x, y)
log
(
κ1/2(x, y)− (1− x2 − y2)
2xy
)
. (C.11)
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